We study the deuteron-like correlation (T = 0) in 18 F using the cluster-orbital shell model approach within the core + p + n model space, which successfully reproduces the observed properties of 18 F such as B(M1) and the matter radius. Based on the analysis of the correlation energy, magnetic moment, and opening angle, it is found that the deuteron-like proton-neutron pair is formed despite the deep binding of the valence nucleons. It is shown that the
Introduction
Nuclear force is more attractive in isoscalar (T = 0) channels than in isovector (T = 1) channels, yielding a bound state. Nevertheless, much less is known about the formation of T = 0 nucleon pairs in a finite nucleus, and it remains a longstanding problem [1] [2] [3] , while the T = 1 pair condensate is well known. One reason for this situation is the lack of experimental examples. In ordinary stable N = Z nuclei, the T = 0 pair formation is trivially suppressed, since protons and neutrons around the Fermi surface occupy different single-particle orbits.
Currently, interest in the T = 0 pairing is strong, because modern radioactive-isotope-beam experimental facilities provide a unique opportunity to verify the T = 0 pair formation and condensate in stable and unstable N = Z nuclei up to A 100 systems, in which valence protons and neutrons occupy the same major shell. It has been pointed out that the [ j 1 ⊗ j 2 ] J T = [ j > ⊗ j < ] 1 0 configuration, where j ≷ ≡ ± 1/2 denote the spin-orbit partners belonging to the same major shell, plays a central role in T = 0 pair formation, and hence the large spin-orbit splitting between the j > and j < orbits prevents the pair formation [2, 4, 5] . In other words, we can expect T = 0 pair formation and condensation if certain conditions are satisfied, i.e., the spin-orbit splitting is small, and both j ≷ orbits are not Pauli-blocked. Indeed, a strong T = 0 neutron-proton correlation has been reported in 18 F and 42 Sc [5] , where the j ≷ orbits are unblocked and fully available for the valence neutron and
Model and formalism
To study 18 F in an 16 O+ p+n three-body model, we employ the cluster-orbital shell model (COSM) approach [19] . In COSM, the coordinates (r 1 and r 2 ) are spanned from the center of mass of the core nucleus to valence nucleons, as illustrated in Fig. 1 . The Hamiltonian of COSM, in which the center-of-mass motion is subtracted, is formulated as follows: wheret i andv CN i are the kinetic and potential energy operators for the ith valence nucleon. In the second parentheses of Eq. (1),T 12 = p 1 · p 2 /M C is the recoil term coming from the subtraction of the center-of-mass motion due to the finite mass M C of the core nucleus.V 12 is a two-body interaction between valence nucleons.
We prepare the basis functions of COSM in the following way. The basis function φ α i for the ith valence particle is defined by applying the Gaussian expansion method (GEM) [20] [21] [22] to the radial part as follows:
Here, N i is the normalization factor, and α i denotes a set of the parameters of the basis function {a i , j i , i , m i , m t i }. The range parameter a i in φ α i is discretized in the geometrical progression manner as
In this calculation, we apply b 0 = 0.1 fm, γ = 1.25, and q max = 20. The COSM basis function for the two-valence-nucleon system is prepared in the j j-coupling scheme using φ α as follows:
where A is the antisymmetrizer for particles 1 and 2. The eigenstates of the Hamiltonian, H k = E k k , are described by the expansion with α 1 α 2 as follows:
It has been shown that the COSM approach with GEM correctly takes the continuum contributions into the model space [22, 23] and yields the same numerical result as the Gamow shell model (GSM) [24] [25] [26] [27] approach in the study of 4 He+2n(2 p) systems [28] .
In this work, we use the same interaction as applied in Refs. [29] [30] [31] for the 16 O + N partv CN i , which is constructed in a semi-microscopic procedure by folding the density of the core and taking into account the exchange effect with the valence particles [32] . The potential consists of three terms as follows:v
The first termv fold i is the central potential, which is constructed by applying the folding procedure with the core density, and the knock-out exchange diagram is also taken into account [32] :
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Here, the antisymmetrizer A expresses the exchange of two nucleons, one in the core and the other from the valence nucleons.v d i andv ex i are the direct and exchange parts. For the second termv L S i , we introduce an effective spin-orbit potential asv
, where the radial part is taken as f L S (x) ≡ (2x 2 − 1) exp(−x 2 ). The potential parameters are the same as those applied in the study of oxygen isotopes [29] , adjusted to reproduce the spin-orbit splitting of the low-lying positive-parity states of 17 O as 5/2 + and 3/2 + : V 0 L S = 97.5 MeV and b = 1.723 fm. The third term is introduced in order to eliminate the Pauli-forbidden states in the relative motion between the 16 O core and a valence nucleon. To this end, we apply the orthogonality condition model (OCM) [33] . For practical calculations of OCM, we introduce a projection operator to the Pauli-forbidden state |F S asˆ
By taking λ → ∞ in the diagonalization, the forbidden states are eliminated from the physical solutions [34] . H. Masui and M. Kimura the location of these poles by changing the attraction of the potential and followed the trajectory of the poles. It is confirmed that the real parts of the poles are at most a few MeV, and the imaginary part is at least twice as large as the real one.
We have checked the dependence of the results on the definition of the Pauli-forbidden states |F S in Eq. (8) . If we use the eigenstates of the core-N potential,v fold i +v L S i , instead of the harmonic oscillator wave functions, the result can be changed. However, it is found that the change can be considered to be rather small; e.g., the position of the 1 p 3/2 pole is changed from 2.50-i3.56 to 2.42-i3.55 (MeV), and hence the dependence of the definition of |F S is rather minor. This is because of the large overlap between the harmonic oscillator wave function and the eigenstates with thev fold i +v L S i potential, which amounts to 0.992, 0.983, 0.987 for the 0s 1/2 , 0 p 3/2 , 0 p 1/2 states, respectively.
In the three-body calculation, the unbound-state contributions are treated on the same footing as the bound states in the framework of the GEM. As shown in Refs. [22, 23, 28] , the continuum contributions of the single-particle states are correctly taken into account. For the two-body interaction of the valence nucleonsV 12 in Eq. (1), we apply an effective nucleon-nucleon interaction, the Minnesota potential [37] , with an exchange parameter of u = 1.0. In the present calculation of 18 F, we adjusted the strength of the T = 0 and 1 channels. Details of this adjustment are given in the following sections.
Results and discussions

Energy levels and physical quantities of 18 F
We calculate the energies of 18 F in our 16 O+ p+n three-body model with the maximum angular momentum of the partial waves as max = 6. The original strength of the Minnesota potential for the valence nucleons gives a large binding energy for the 1 + (T = 0) state of E B = 12.03 MeV compared to the observed value, 9.75 MeV. The excitation energies of the T = 1 states (0 + and 2 + ) are also overestimated using the original strength of the Minnesota potential, as shown in the left-hand part of Fig. 2 . Hence, in order to reproduce the binding energy and excitation levels, we multiply the isospin-dependent factors 0.80 (T = 0) and 1.40 (T = 1) by the original Minnesota potential. The obtained energy levels are shown in the middle part of Fig. 2 . The overall agreement between the calculation and experiment is improved; in particular, the energy gap between the 1 + and 0 + states shows good agreement with the experiment. Therefore, we use this choice of potential parameters in the following discussions.
The convergence of the energy in the T = 0 and T = 1 channels with respect to the maximum angular momentum of the partial waves is shown in Figs. 3(a) and (b). As an illustration of the spatial localization of valence nucleons, we also calculate the opening angle θ 12 , which is calculated as θ 12 = 2 tan −1 (R 12 /2R C ). Here, R 12 and R C are defined in Fig. 1 . From Fig. 3(a) , we can see a clear difference in the model-space dependence between the 1 + (T = 0) and 0 + (T = 1) states. The energy of the 0 + state, which only includes the ( j ) 2 -type components in the j j-coupling scheme, converges very quickly at max = 3. It can also be seen in the calculation of the opening angle, as shown in Fig. 3(b) . This indicates that the valence proton and neutron are coupled with a BCS-like pair, which has the same spin and opposite z-component, and the j j-coupling scheme can describe the wave function of the valence nucleons correctly.
On the other hand, the convergence of the 1 + -state energy is slow with respect to the increase of the maximum angular momentum. A similar behavior of the convergence has been discussed in weakly bound Borromean nuclei such as 6 shell-model-like picture, i.e., the j j-coupling scheme, the convergence of the calculation becomes very slow [43] . Generally, for such weakly bound systems in which the interactions of the core-N and N -N are of the same order of magnitude and the binding energy is small (less than 1 MeV), the three-body model treatment is suitable to describe the correlation of the valence nucleons. Judging from the binding energy of the 1 + state in 18 F, which is more than ten times higher than the 6 He and 11 Li cases, the j j-coupling scheme treatment is considered to be sufficient to describe the 1 + state.
However, the slow convergence of the energy of the 1 + state indicates that the correlation of the valence nucleons is strong, and the L S-coupling scheme treatment is necessary for the 1 + state. The M1 transition strength B(M1; 0 The magnetic moment is also sensitive to the structure of the wave function, in particular, to the spin-coupling of the valence neutron and proton. The theoretical calculations [5, 17] give large magnetic moments and indicate the dominance of the S = 1 channel in the 1 + ground state, although it has not been measured in experiments. The present calculation yielded μ = 0.811 μ N , as shown in Table 2 , which is consistent with other theoretical calculations, 0.834 μ N [5] and 0.82μ N [17] . The S = 1 channel dominance in the 18 F wave function can be confirmed by the decomposition of the magnetic moment to the orbital angular momentum and spin parts, μ L and μ S , as follows:
In the limit of the pure S = 1 channel in the L S-coupling scheme, where the orbital angular momentum part μ L is identically zero, the spin part becomes exactly half of the sum of the neutron and proton spin g-factors as μ = (5.586 − 3.826)/2 = 0.880 μ N . Our calculation gives the values μ L = 0.090 and μ S = 0.721 (μ N ), which are close to the limit values mentioned above, showing the dominance of the S = 1 channel in the 1 + ground state. From this result, we imagine the formation of the spatially localized deuteron-like pair with S = 1 and its orbital motion around the 16 O (0 + ) core with L = 0. As summarized in Table 2 , our calculation yields the matter radius R rms = 2.64 fm, which is close to the lower limit of the observed radius [40] , and the distance R 12 and the opening angle θ 12 are calculated as 4.37 fm and 76.3 • . We compare these values with those of the 6 He ( 4 He+2n system) in which the formation of the di-neutron is expected; many studies have been devoted to discussing the di-neutron correlation [18, 41, 42] . For example, the theoretical study by Kikuchi et al. [42] reports values of R rms = 2.46 fm, R 12 = 4.70 fm, and θ 12 = 67.9 • . Despite the large binding energy in 18 F (9.75 MeV) compared to the Borromean nucleus 6 He (0.98 MeV), which has a di-neutron-like structure for the valence neutrons, the calculated R 12 in 18 F becomes 4.33 fm and is smaller than that obtained in 6 He. Though the opening angle in 18 F with the adjusted nucleon-nucleon strength (76.3 • ) is larger than that of 6 He, as shown in Table 2 , the angle obtained using the original strength becomes 72.2 • and becomes close to the 6 He case (67.9 • ).
From these results, we conclude that (1) the 1 + ground state of 18 F is close to the L S-coupling limit and is dominated by the S = 1 channel, and (2) the valence proton and neutron form a deuteron-like pair and its spatial localization is comparable with or even stronger than the so-called di-neutron in 6 He. 
Configuration dependence and deuteron-like correlation
The purpose of this subsection is to clarify the role of two aspects of the 1 + state: (1) the change of the coupling scheme from j j-coupling to L S and (2) the localization of the valence nucleons. We consider that the essential ingredients in the model space are the "cross-shell" coupling and the unbound-state (continuum) contributions. For the former part, we separate the contribution of the [ j > ⊗ j < ] configuration from the other ( j ) 2 -type configuration and show the difference of the correlation energy. For the latter one, we discuss the spatial localization by including the continuum contribution to the model space. In 18 F, the 1s0d-orbits can be considered as the major shell, since the sd-waves have bound states (5/2 + and 1/2 + ) and a resonant state with a very small decay width (3/2 + ). The higher nodal components and continuum contributions of sd-waves are also included in this approach using the Gaussian expansion. We take the maximum momentum as mzx = 6, and hence the contributions of the p f and higher partial waves are considered as continuum ones, since the poles of the resonant states have a large imaginary part, if they exist, as discussed in the previous subsection.
The contribution of the [d 5/2 ⊗ d 3/2 ] 1 0 configuration has been investigated in the sd-shell model picture [6] [7] [8] [9] [10] . In Ref. [10] , it was pointed out that the L S-coupling scheme enhances the
0 contribution [10] . The change of the coupling scheme from j j-to L S-type induces a nonnegligible contribution from the single-particle continua, i.e., the mixing of p f -shell and higher angular momentum configurations leading to the spatially localized deuteron-like pair formation. To illustrate these, we calculate the 1 + and 0 + states of 18 F by changing the size of the model space and investigate the physical quantities such as correlation energy, magnetic moment, and opening angle.
In the present study, the model space with max = 6 gives possible combinations of the angular momenta in the j j-coupling scheme as twenty-four and thirteen for the 1 + and 0 + states, respectively. We classify them into six sets of the model space called "CN#", as summarized in Table 3 . CN1 to CN3 and CN6 include only ( j ) 2 -type configurations in which the proton and neutron are in the same j orbit. Note that the d 3/2 , p f , and higher orbits are unbound, as shown in Table 1 ; hence, CN3 and CN6 represent the contribution from the single-particle continua of the major shell and higher shells. Since the d 3/2 -wave has a resonant state with a very small decay width, the 0d 3/2 -pole contribution become dominant in the d 3 Figs. 4(a) and (b) , respectively. CN5 includes all possible configurations in addition to CN4 up to max = 6 with the cross-shell contributions. In short, CN5 corresponds to the full model space for the 1 + (T = 0) state, while CN6 corresponds to that for the 0 + (T = 1) state.
In Fig. 5 , we show the model-space dependence of the correlation energies for 1 + and 0 + . Here, the correlation energy E 0d 5/2 corr is defined as the difference between the energy of the three-body system E(J π ) and the sum of the single-particle energies of the valence proton and neutron π n j No. Name Partial waves First, to see the difference between the 1 + and 0 + states in the same model space, we focus on the results obtained with only the ( j ) 2 -type configurations: CN1, CN2, CN3, and CN6. The correlation energies for both 1 + and 0 + increase as the model space becomes larger, and we can find the following two interesting features. One is the similar behavior of the correlation energies for 1 + and 0 + , and the other is that the correlation energies of the 1 + states are systematically smaller than those of the 0 + states, despite the fact that the nuclear force is more attractive in the T = 0 channel. To understand these features, we compare the wave functions of the 1 + and 0 + states with the decomposition to each component. As seen from Fig. 6 , the compositions of the 1 + wave function obtained by the CN2, CN3, and CN6 model spaces are quite similar to those of the 0 + states, which has the nature of an ordinary T = 1 pairing. As the model space is enlarged, the occupation probability of the orbits above the Fermi level (d 5/2 ), in particular those close to or just above the Fermi level, increases. Consequently, the (s 1/2 ) 2 configuration becomes the second leading component for both the we can understand that the 1 + and 0 + states show similar behavior for the correlation energy, and the difference in the correlation energy mainly comes from the potential energy between the valence proton and neutron. For example, the difference in the correlation energy at CN6 is Considering the above discussion, the weakness of the potential attraction for the J = 1 + protonneutron pair compared to the J = 0 + pair is easily understood, as already discussed by many authors [4, 11] . Namely, as is well known for the ordinary T = 1 pairing, a J = 0 + nucleon pair occupying the same j orbit can maximize the spatial overlap and gains a large potential attraction. On the other hand, a J = 1 + (T = 0) nucleon pair occupying the same j orbit cannot, and does not gain strong attraction from the potential despite the stronger nuclear force in the T = 0 channel.
The change in the coupling scheme to the L S-coupling brings the "cross-shell configuration" to the basis set and also to the behavior of the correlation energy, because it enables the formation of a J = 1 nucleon pair coupled to L = 0 and S = 1, which maximizes the spatial overlap. This can be confirmed with the results on the solid line of Fig. 5 . In the CN4 result, the correlation energy of the 1 + state is increased by 0.91 MeV E It is also interesting and important to note that the contribution from the single-particle continua (s.p.c.), i.e., p f and higher partial waves, is also increased accompanied by the cross-shell configuration. Compared to the result without the cross-shell (CN6), the amount of the s.p.c. configuration is considerably increased in CN5. The "(cont.) 2 " contribution in Fig. 6 , which is the rest of the components in the wave function
subtracted from the wave function, becomes three times larger in the 1 + state from CN6 to CN5, 0.016 to 0.048, as shown in Fig. 6 . Also, compared to that of 0 + with CN6 (0.022), the 1 + state with CN5 is 1.5 times larger. Therefore, the continuum contribution is enhanced by the presence of the cross-shell configurations. Owing to this contribution from continua, the correlation energy is further increased by 1.56 MeV from the CN4 result and is very large E 0d 5/2 corr (1 + ) = 4.67 MeV in CN5. The magnetic moment provides interesting information on the wave function. Figure 7 shows the configuration dependence of the magnetic moment with decomposition into the orbital angular momentum and spin parts defined in Eq. (9) . For the ( j ) 2 -type configurations (CN1, CN2, CN3, and CN6), the calculated magnetic moments are relatively small and are approximately equal to 0.6 μ N . The orbital part μ L is systematically larger than the spin part μ S . Hence, the wave function can be considered as a mixture of the S = 1 and 0 channels. Once the cross-shell configuration in the major shell is added (CN4), the magnetic moment suddenly increases to 0.770 μ N , and the roles of the angular momentum part μ L and spin part μ S are drastically interchanged. μ S increases from 0.253 to 0. From the viewpoint of the spatial correlation of the proton and neutron, the contribution from the s.p.c. is essential. As is known for the T = 1 pair cases [18] , admixture of the even-and odd-parity single-particle states is necessary to form a spatially correlated and localized pair. From CN1 to CN4, only the even-parity basis functions are included, and the opening angles of these cases become 90 • . The contribution from the s.p.c. configurations reduces the opening angles in CN5 and CN6. For the CN6 case, the calculated angles of the 1 + and 0 + states are θ 12 H. Masui and M. Kimura both the quantities become largest. This is a reminder that the large contribution from the s.p.c. in CN5 is triggered by the cross-shell configurations of the d-wave and also the higher partial waves, and our theoretical model properly takes the single-particle continua into account by the use of the Gaussian expansion method. Therefore, we conclude that the proper treatment of the s.p.c. and the inclusion of the the cross-shell configuration are essential for the description of the spatially localized deuteron-like pair.
To summarize so far, the proton and neutron correlation in 18 F can be characterized by the following three aspects. First, without the cross-shell configuration, the coupling scheme and the composition of the wave function are essentially the same in the 1 + and 0 + states. Second, once we include the cross-shell configuration in the 1 + state, the correlation energy becomes comparable to that of the 0 + state owing to the S = 1 proton-neutron pair formation. The analysis of the magnetic moment shows a drastic change from j j-coupling to L S-coupling. Finally, the continuum contribution makes the correlation energy much larger than the 0 + state. It also induces spatial localization of the valence nucleons, as shown in the calculation of the opening angle of the valence nucleons.
Spin-orbit-interaction dependence
In the previous subsection, we showed that the cross-shell configuration plays a crucial role in the correlation energy of the T = 0 nucleon pair and in the spatially localized formation of the deuteronlike pair due to the L S-coupling scheme dominance. Energetically, the cross-shell in the major shell,
0 , mainly contributes to the correlation energy in the T = 0 channel pair. Since the cross-shell component is formed by the coupling of two nucleons as the spin-orbit partners, i.e., d 5/2 and d 3/2 , the correlation strength should depend on the magnitude of the spin-orbit splitting. In order to see the effect of the spin-orbit splitting on the correlation energy and the composition of the wave functions, we vary the strength of the spin-orbit potential by multiplying a factor
where β L S is varied from 0 to 2.0. In the case of the original strength β L S = 1.0, the energy splitting between 0d 5/2 and 0d 3/2 is approximately 5 MeV, as shown in Table 1 1s 1/2 orbit becomes the lowest one for β L S < 0.7. Therefore, we also calculated the correlation energies defined with respect to the 1s 1/2 2 configuration for the 1 + and 0 + states as
As β L S decreases, the leading configuration changes from (d 5 In the limit of β L S = 0, the wave function of the valence proton and neutron is identical to the L S-coupling. In this limit, the relative ratio of the components of
can be obtained from the transformation of the L S-coupling wave function to the j j-coupling one as follows:
where Fig. 8(b) .
The symmetry of the valence particles affects the contribution of the cross-shell component
). In our calculation with β = 0.0, where the spin-orbit splitting vanishes and restores the symmetry, the contribution of the cross-shell component becomes 0.39. The large contribution of the cross-shell component has been shown in the traditional sd-shell model approaches [6, 8] . Kuo [6] showed that the (d 5/2 )(d 3/2 ) component in the 1 + state was 0.40, and Rolfs [8] followed the result with almost the same contribution, 0.44. For β = 1.0, the cross-shell component of our calculation is 0.21 and is smaller than the β = 0.0 case. The change from β = 0.0 to 1.0 can be considered as a consequence of the presence of the spin-orbit splitting breaking the SU(3) symmetry of the valence particles. This change has been discussed qualitatively in the sd-shell model space [10] . Kulkarni showed that the cross-shell component without the spin-orbit splitting is 0.55 and is reduced to 0.25 by introducing the splitting. Another shell model approach [9] with a 2 p and 4 p2h mixing approach shows a smaller contribution of the cross-shell component of 0.24. Our calculation is similar to these two results, and, of course, it depends on the choice of the nucleon-nucleon interaction.
Summary and discussion
We investigated the T = 0 proton and neutron correlation in 18 F using the COSM approach combined with the Gaussian expansion method. With an adjustment of the Minnesota nucleon-nucleon potential, the observed T = 0 and T = 1 states of 18 F are reasonably described. By the decomposition of the magnetic moment into the orbital and spin parts, the spin-part contribution is found to be dominant and close to the sum of the proton and neutron g-factors. This leads to a picture in which two valence nucleons in the ground state are coupled to an L = 0 and S = 1 pair in the L S-coupling scheme. Furthermore, it is shown that the opening angle between the valence nucleons is comparable to that of 6 He, which means the formation of a spatially correlated deuteron-like pair.
To understand the pair formation mechanism, we have performed the analysis by changing the size of the model space. With only the j 2 -type configurations, the correlation energy of the 1 + state is smaller than that of the 0 + state. The change of the coupling scheme of the valence nucleons from j j-to L S-coupling induces an increase in the cross-shell configuration such as [d 5/2 ⊗ d 3/2 ], and the situation also changes dramatically, as can be clearly seen in the decomposition of the magnetic moment. As a result, the spatial overlap of the valence nucleons is maximized, leading to the large correlation energy of the 1 + state. The continuum contribution is the other important ingredient for the neutron-proton correlation, which gives rise to the spatial localization of the proton and neutron. This effect has been discussed in Refs. [18, 43] . We have found that a similar phenomenon occurs in the T = 0 channel.
We also discussed the effect of the spin-orbit potential of the core nucleus by changing its overall strength from zero to twice the normal strength. As the strength increases, all components except for (d 5/2 ) 2 vanish as negligible from the wave functions in the 0 + state. However, even in such an extreme case, the cross-shell configuration still remains in the 1 + wave function.
For future work, it is necessary to perform systematic studies on other nuclei in the core + p+n model space and investigate the dependence of the available valence orbits on the coupling scheme of the wave function of the valence nucleons.
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